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Abstract 
Resistive Pulse Sensors, RPS, provide detailed characterisation of materials from the 
nanoparticle up to large biological cells on a particle-to-particle basis. During the RPS 
experiment, particles pass through a channel or pore which conduct ions, and the 
change in ionic current versus time is monitored. The change in current during each 
translocation, also known as a ‘pulse’, is dependent upon the ratio of the particle and 
channel dimensions. Here we present a facile and rapid method for producing Flow-
RPS sensors which do not require lithographic processes. The Additively 
Manufactured, AM, sensor has channel dimensions that can be easily controlled. In 
addition, the fabrication process allows the sensor to be quickly assembled, 
disassembled, cleaned and reused. Further, the RPS sensor can be created with a 
direct interface for fluidic pumps or imaging window for complimentary optical 
microscopy. We present experiments and simulations of the RPS sensor, showing 
how the pulse shape are dependent upon the channel morphology and how the device 
can count and size particles across a range of flow rates and ionic strengths. The use 
of pressure-driven fluid flow through the device allowed a rapid characterisation of 
particles down to concentrations as low as 1 × 10-3 particles per ml which equated to 
one event per second.   
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Interest in nanoscale channels within synthetic materials have grown over the last two 
decades.1–3 These channels have applications in biosensing,4–6 materials 
characterisation7,8 and mimicking biological systems, enabling the study of ionic 
transport within confined geometries.9–12 The translocation of a nanoparticle or analyte 
through these channels, can be monitored by measuring the ionic current. Each 
translocation event causes a change to the conductance of the channel known as a 
Resistive Pulse, which is related to the physical properties of the analyte. Resistive 
Pulse Sensors, RPS, are highly attractive sensing platforms that have single 
particle/analyte resolution. Information on analyte size, concentration and charge can 
be measured quickly, reliably and to a high level of sensitivity.8,13–15 Indeed, RPS has 
exhibited high resolution for the monitoring various analytes, including DNA,6  
proteins,4 and even whole cells.16  
To date RPS have been created in a range of materials from graphene,17–19 
polymers,20 silicon nitride21 and glass.9,22–25 Their sensitivity is directly related to the 
dimensions of the channel.  The transport through the pore or channel is controlled by 
tuning the potential difference, charge on the pore wall, electrophoretic mobility of the 
analyte, supporting electrolyte concentration and induced convection.26,27 Maintaining 
sensitivity whilst retaining high count rates is a difficult challenge as the pulse 
frequency is directly related to the pore size.28 Recent advances in the RPS sensors 
have utilised pores of different aspect ratios and shapes or specific electrode 
configurations, to improve signal to noise ratio.29–31 As well as being easier to fabricate 
the use of larger pores has the added benefit that a higher flow rate of liquid through 
the pore can be maintained, reducing the time required to acquire the data set. It also 
prevents a major drawback of RPS sensors, namely the blocking of small pores. An 
emerging fabrication process for microfluidic systems is additive manufacturing or 3D 
printing. This has been suggested as an alternative approach to microfluidic 
fabrication, mainly due to its ability to build a complete part from an STL (standard 
tessellation language) file with no intermediate steps, thus minimising labour, time and 
costs.32 As such in the field of microfluidics the use of 3D printing and lab-on-a-chip 
fabrication has increased.33–36 An overview of microfluidic technologies made by each 
type of additive manufacturing is given by Folch,37 but SLA (stereolithography) has 
proven to be the most popular for this field, due to its superior resolution.  
Here we present a facile method for producing an RPS sensor using additive 
manufacturing, AM. The channel diameter, height and length are controlled, and we 
demonstrate the ability of the RPS to count particles across a range of Ionic strengths 
(1 – 50 mM KCl) which have biological, environment and manufacturing applications. 
The ability to print the sensor with integrated screw threads into the device allows it to 
be connected to flow systems. The use of flow allowed particles to be counted quickly 
and recorded an event per second at low particle concentrations, 1 × 10-3 particles /ml. 
We also present result about the baseline and pulse shape obtained with the Finite 
Element Method (FEM) and illustrate how the pulses reveal information about the 
channel shape. 
 
Experimental Section 
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Device Printing 
Design CAD drafts were drawn and converted to .STL format on Siemens NX Version 
11.0 software. Pore devices were printed in Accura®60 polymer on a Viper si2 SLA 
printer (both 3D Systems) in the pre-set high resolution (HR) build mode, which uses 
a 75 µm beam diameter and 50µm layer thickness. Printing was done in the Y-
direction. After printing, any uncured resin was removed by rinsing the devices with 
IPA (VWR Chemicals) and methanol (VWR chemicals). 
 
Device Assembly 
Silver wire electrodes (0.25mm diameter, purity 99.99%, obtained from Advent 
Research Materials, cat. No. AG5485) were first polished by hand on a polishing pad 
(800 Grit, obtained from BASi), before alignment was carried out by the use of grooves 
for electrode housing in the CAD file: device channels and electrode grooves were 
printed open, and silver wires were pressed into the grooves and aligned with the 
microchannel walls by hand, under a microscope. The devices were sealed with TESA 
4965 double-sided tape (obtained from 3M) and LEXANTM 8010PC polycarbonate 
film (obtained from SABIC, 250 µm thickness), applied by hand and flattened with a 
rubber nub. The electrodes were then sealed in place with ARALDITE® RAPID epoxy 
adhesive to ensure the electrodes did not move during operation.  
 
Device Images 
Device images were taken on an Optiphot-2 optical microscope using a DS-5M 
camera and a DS-L1 Camera Control Unit (all obtained from Nikon), with the exception 
of the pore channel photographs, which were taken on a DM2500 microscope 
(obtained from Leica). Pore channels were measured via Image-J (Version 1.5, NIH). 
Device SEM images were taken on a TM3030 benchtop scanning electron microscope 
(Hitachi).  
 
Data Acquisition Set-up 
Microfluidic flow was driven by Mitos P-Pump Basic pressure- driven pumps using 
Flow Control Centre V3.1.44 software (both Dolomite) and fed into the device by 
standard HPLC fittings in printed threads.  Electrical noise shielding was done by the 
use of a custom-built Faraday cage (steel, 1mm thick, obtained from Nanopore 
Solutions). Electronic measurement and control were carried out via a QSensing3 
current amplifier (Izon Science), controlled by Izon Control Suite Software Version 
V3.1.2.53. Data was obtained using a 15 kHz filter, 50 kHz sampling frequency, low 
gain mode. The default minimum blockade height (0.05 nA) for particle detection was 
used. 
 
ICR measurements 
Current measurements were recorded over a range of ±300mV for each solution of 
KCl (obtained from Fischer Scientific), KCl solutions were prepared in deionised water 
to the following concentrations: 0.5mM, 1.0mM, 2.5mM and 10mM, The current 
reading was taken after 10 seconds to allow for stabilisation. The flow rate experiments 
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were recorded using 1mM KCl solution, the flow rate was varied using the pumps and 
control software stated above.  
Particle counting and sizing 
Analysis was carried out on suspensions of polystyrene particles (30 µm, COOH-
coated, obtained from Sigma-Aldrich, cat. no. 84135, and 20 µm, micromer® COOH-
coated, (obtained from Micromod Partikeltechnologie GmbH, cat. no. 01-02-204) 
diluted in either KCl (obtained from Fischer Scientific) or PBS (obtained from Sigma 
Aldrich). Each particle suspension run was recorded for 60s. 
 
Theory and Modelling  
The size and shape of the resistive pulse is mainly dependant on the dimensions and 
geometry of both the particle and the sensing region. The relative change of the current 
upon a particle translocation is in general related to the physical volumetric blocking 
of the electrolyte solution, which is often described as the underlying principle behind 
resistive pulse sensing.38 To calculate the baseline current and the resistive pulse in a 
RPS device the underlying electrostatic problem has to be solved. In a geometric 
domain with uniform, isotropic conductivity σ and under the assumption that there are 
no current sources or sinks within the domain, the electric potential ϕ, is determined 
by the Laplace equation ∆ϕ = 0. With the knowledge of ϕ, the electric field 𝐸𝐸�⃗  , the 
current density 𝚥𝚥 can then be calculated via 𝐸𝐸�⃗  = -∇ ϕ and 𝚥𝚥 = ?⃗?𝜎𝐸𝐸�⃗ . While for some specific 
geometries an analytic solution for the Laplace equation can be found, this is not the 
case for the geometries used in this work. The addition of a particle in the domain 
complicates the calculation further. It has to be mentioned that the charge of the 
particle and the channel have to be considered under certain circumstances to obtain 
the correct orientation and size of the pulse.39 However, charge effects are only 
relevant for much smaller structures than used here, which are in the order of 100µm, 
and can therefore be assumed negligible. 
There are several approaches that use approximations to calculate the resistive 
pulse. For example Deblois40 used an expression found by Maxwell to calculate the 
resistive pulse. In the simple case of a spherical particle in a cylindrical pore and 
introduced a correction term for particles that become comparable in size to the pore 
diameter. Gregg and Steidley’s resistance approach41 has been used to find solutions 
for various geometries. Although its simplicity makes it easy to use and fast to calculate 
the so calculated resistance is only a lower bound and has, for the case of a sphere in 
a cylindrical pore (sphere diameter small compared to the cylinder), to be multiplied 
by a factor of 1.5 to agree with the correct value.40 
For the geometry used here and the particular orientation of the electrodes, 
which are perpendicular and in very close proximity to the pore channel, the Finite 
Element Method (FEM)42 is the most suitable approach for both calculating the 
baseline current and the resistive pulse. Due to the increase in computational power 
FEM has become an important tool to solve various physical problems found in RPS 
sensors governed by Partial Differential Equations (PDE).10,43,44 A typical workflow for 
an FEM simulation involves drawing the geometry (Figure S1a), assigning the material 
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properties and defining the boundary conditions. Here the boundary condition for the 
channel walls and the particle, which can be assumed to be insulating, is 𝑛𝑛∇�����⃗ ϕ = 0, 
meaning that the component of the electric field normal to the boundary has to vanish 
at the surface. The potential at one electrode is set to V0 and at the other to 0. Then 
a mesh (Figure S1b) is created and the simulation is executed. It was assured that the 
mesh resolution had no significant (less than 0.1%) influence on the results. The 
baseline current I0 through the pore is then extracted from the simulation by integrating 
the normal current density over one electrode. To obtain the resistive pulse the particle 
was placed at various positions close to and inside the sensing channel. The equations 
used in the model are outlined within the supplementary material. 
 
Results and discussion 
Creating small channels within AM devices can cause difficulties. After the print 
process the monomer, resin or powder left within the channels needs to be removed. 
For fluidic applications this residual material can result in channels being blocked. As 
the channels decrease in size, the difficulty in removing all the residue increases. To 
overcome this problem here we have utilised a similar approach to our AM optical 
counters,32 where smaller channels are printed onto the surface of the material, and 
then sealed with a polymer film. This allows us to produce an SLA printed device with 
a resolution of circa 75 μm. We acknowledge that other AM technologies can produce 
smaller channels. However, our current interest lies within larger constructs that 
contain connectors and mixing channels with total dimensions over 1 cm. Figure 1ai 
and ii shows the CAD files for two variations of the RPS sensor. Both are designed to 
be integrated into a flow system and connected to pumps, and have printed screw 
threads, labelled inlet/ outlet. A benefit of the AM process is that the sensor and screw 
threads can be easily fabricated together in a configuration that matches the 
application/ chip holder. 
 
 
Figure 1a) CAD for two RPS sensors with different flow designs. b) Enlarged section of the 
sensing zone showing the electrodes and diameter of the sensing zone, Ds, and flow, Df. c) 
Cross section of the sensing zone, showing flow channel height, Hf, sensing zone height, Hs, 
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Length, l, and ramp length lr. d) Schematic of three resistive pulses from particles of different 
diameters. 
   
The channel goes from the inlet up to the surface of the design, and then runs along 
the top surface forming a trench, figure 1b shows a schematic. The centre of the flow 
channel narrows to form the sensing zone of the RPS device. The sensing zone is 
flanked by the two Ag/AgCl electrodes. A magnified section of the design is shown in 
figures 1b and c. The channels are sealed by adhering a Polycarbonate (PC) film on 
top of the device as described above.32 The dimensions of the sensing zone are 
defined by its height, Hs, length, l, and diameter Ds. The main flow channel has a 
diameter and height, Df and Hf respectively. To bridge the flow region to the sensing 
zone we placed a ramp rather than a shear face. The ramp changed the height of the 
channel over a distance lr and was the same at the entrance and exit of the sensing 
region.  When a particle passes through the electrolyte-filled channel, under the 
application of a potential difference between the two electrodes, each particle is 
recorded as a resistive pulse. The pulse size and shape are dependent upon its the 
channel and pore dimensions, as shown in figure 1d, and can be calculated as 
described above. 
 Optical and electron microscope images of an RPS devices are shown in figure 
2a and b respectively.  In the optical image the location and alignment of the electrodes 
can be clearly seen. The SEM image in figure 2b shows the ramp and surface 
roughness on a typical printed device. Figure 2c shows examples of the RPS where 
Ds is systematically decreased from 110 μm to 40 μm. It was found across multiple 
attempts that as the intended channel diameter approached 40 μm, the AM process 
failed to produce a clear feature. Figure S2 shows the relationship between intended 
and recorded Ds, measured at the pore mouth within each channel and across 6 
replicate parts. Figure S2 also reports the variation in channel with across the build. 
This is taken from 15 measurements down the length of the channel. It should be 
noted that in the designs used here, Ds always equals Hs , therefore producing square 
channels.  
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Figure 2a) Optical image of the sensing zone. b) SEM image of the flow channel, ramps and 
sensing zones. c) Optical images of the sensing zones from pores of different diameter.   
 
Having tested the reproducibility of the AM process, prior to testing the RPS with 
particles, the electrochemical response was measured. Figure 3a shows the I-V 
response where DS and l are 100 and 500 μm respectively, equivalent graphs where l 
is equal to 100 μm are shown in figure S3. Typical linear responses were observed, 
and the addition of a fluid flow through the pore did not alter the current response 
significantly, figure 3b. For the current amplifier used in this study the upper ionic 
strength of the solutions was 20 mM KCl as above this the baseline current quickly 
saturated the electronics even at low voltages. Figure 3c shows the measured base 
line current for typical conditions used here. The inset in figure 3c shows the current 
response over twice the typical duration times of a particle during the RPS experiment. 
Figure 3d shows the electric field lines originating from one and terminating at the 
other electrode. While the field lines are bent close to the electrodes due to their 
perpendicular orientation to the sensing channel they straighten out within the channel, 
indicating that the field is predominantly parallel to the channel walls and the electric 
potential declines in a linear fashion (compare figure S1).  
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Figure 3a) Current voltage curves for when Ds = 100 μm and l = 500 μm, at 50 mBar flow 
rates, using 10 mM (Green) 2.5 mM (Purple) 1 mM (Red) and 0.5 mM (Blue) KCl solutions. b) 
Current voltage curves for the same chip as part a, filled with 1 mM KCl solution under different 
flow rates, no flow (Blue), 30 mBar flow (Red) and 50 mBar flow (Green) c) Current time curves 
for the same chip described in part a. 0.25 mM KCl, +4.5V, 100mbar (Blue), 0.50mM KCl, 
+3.58V, 100 mbar (Orange), 5.0 mM KCl, +1.3V, 100 mbar (Grey) d) 50 simulated electric 
field lines between the two electrodes (Ds and l are 105 and 545 µm). 
To test the RPS sensors we added 30 μm diameter particles to a solution that was 
passed through a channel with dimensions DS and l are 100 and 500 μm respectively. 
The flow rates of the solution were varied using a pressure pump that ranged from 45 
up to 105 mBar. Figure 4a shows how the flow rate has a small effect upon pulse 
magnitude (peak height), resulting in a small decrease in average pulse size from 1.1 
to 0.89 nA as the flow rate increases from 45 to 105 mBar. Figure 4b illustrates the 
effect flow rate has on the baseline duration. As expected, when the flow rate was 
increased the duration decreases. This is due to the particles traveling with a greater 
velocity through the sensing zone, which at 105 mBar was calculated to be 0.125 m/s. 
In all experiments the concentration of the particles remains constant and as the flow 
rate increases, the number of events per unit time also increases, figure 4c. Figure 4c 
demonstrates a linear relationship between applied pressure and pulse frequency. A 
scatter plot of blockade size versus duration from parts a and b is given in figure 4d. 
RPS devices offer a particle-by-particle analysis, each particle is analysed as it travels 
through the channel. The translocation of the particle produces a resistive pulse and 
examples of these recorded from the different flow rates, given in figure 4e. It’s 
interesting to note that rather than observe a pulse with a flat minimum that extents 
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during the entire translocation, sharp decreases in current can be seen at the start and 
end of each pulse. The resistive pulse expected from a spherical particle with diameter 
30um is shown in figure 4f. The pulse shape reflects the geometry of the pore and the 
signal return quickly to the baseline outside the sensing region. While the baseline 
agrees reasonably well with the experiment (310 compared to 360nA) given the 
uncertainty of the dimensions, the characteristic spikes of the pulses cannot be seen 
in the simulation 
 
Figure 4. Data obtained using chip of Ds and l are 100 and 500 µm respectively. KCl = 0.25 
mM. Flow rates for the data are, Blue = 45, Orange = 65, Grey = 85 and Yellow 105 mBar. 
Particle diameter 30 µm, at 7.5 x 103 particles / mL. Number of pulses recorded was 435, 612, 
742 and 992 respectively. a) Distribution of pulse size for varying flow rates. b) Base line 
duration of events for differing flow rates. c) Average number of pulses per second recorded 
over a 1 min run. d) Scatter plot of blockade size versus duration. e) Example pulse shape for 
different flow rates. f) Predicted pulse shape based upon the FEM model (Ds = 105 µm, l = 
545 µm, V = 5.64V, σ = 3.675 mS/m (0.5mM KCl concentration), Dparticle = 30 µm). The 
graph is centred around the middle of the sensing channel. The end of the sensing channel 
and the ramps are indicated by vertical solid and broken lines. 
Irregular pulse shapes can be caused by a lack of uniformity within electric field, off-
axial translocations, double layer interactions between the particles/ pore walls or 
irregularities within the dimensions of the channel themselves.10,45–51 The simulated 
electric field and potential are shown in figure 3d and figure s1 respectively. Both show 
a uniform field and potential across the channel thus we excluded these as the cause 
of the current spikes seen on the edge of the pulses in figure 4e. In this setup the size 
of the electric double layer around both the particle and pore wall would be 
insignificant, and unlikely to be the cause of the pulse shape. It was hypothesised that 
the shape of the pulse reflected the true shape of the channel i.e. each spike 
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represents a change in channel dimension within the sensing zone. The decrease in 
current observed within these spikes indicates there is narrowing of the channel size, 
here the particle records different current blockages as it moves through the device.50 
The optical and electron microscope images and analysis in figure 2 and S2 show 
smooth surfaces on the floor and walls of the RPS. Thus, we conclude that the likely 
source of the changing channel size would be the film placed on top. During the sealing 
stage some of the adhesive may collect along the pore walls or mouth. This is difficult 
to control within the current process and to ascertain its reproducibility a single device 
where DS and l were 100 and 500 μm was tested three times, between each data set 
the PC film was removed and replaced with a new layer. Figure S4a shows the 
distribution of pulse sizes for the same channel sealed on three different occasions. 
The variance from each RPS whilst present is low and the average pulse magnitudes 
for the three sensors were 1.002, 1.116 and 1.29 nA. The duration of the events for 
the three RPS sensors is very similar, 25.2, 20.79 and 22.78 shown in figure S4b. The 
data in figure S4 illustrates how the pulse size is more sensitive to changing the film, 
then the duration, example pulses are shown in figure S4c. Because a new PC film is 
used in each experiment, the shape and features of each pulse is unique to the setup. 
We attribute this to the sealing film forming a unique shape upon sealing in each 
experiment. As a final check to show that the pulse shape is related to the channel 
dimensions and not due to electric field or flow phenomenon two further experiment 
were carried out. The first was to record the particles flowing through the channel in 
one direction before then reversing the flow direction. The data in figure S5 shows how 
the pulses are mirror images of each other.  Finally, we created a second smaller pore, 
with Ds and l at 80 and 500 μm respectively.  The same 30 µm particles were passed 
through the channels at varying ionic strengths, from 0.25, 0.5 and 5 mM KCl. Figure 
5 shows an overlay of 10 pulses, with the average pulse shape overlaid in red. As can 
be seen from the data, increasing the ionic strength of the buffer had little effect on the 
pulse shape. It is also interesting to note that these pulses are different from the 100 
µm diameter pore seen above. Again due to the fact that each pore is likely to have its 
own unique defects and gives rise to a unique pulse shape.  
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Figure 5 Overlap of 10 pulses and the average of all the data sets (red line) for channel Ds 
and l are 80 and 500 µm respectively. Flow rates are 100 mbar, particles diameter 30 μm, at 
5 x 103 particles / mL a) 0.25 mM KCl, b) 0.5 mM KCl, and c) 5 mM KCl. 
 
To further show the versatility of the AM process and illustrate how the channel 
dimensions and undulations effect the RPS signal, two constrictions were placed in 
series. This design has recently been used to characterise virus particles and 
nanomaterials,52 and have been shown to be  powerful adaptation in RPS sensing.31,53   
Figure 6 shows the AM design viewed through an optical microscope. They show a 
single and double RPS sensor. Figure 6c shows the RPS signal for the single 
constriction device, and a symmetrical pulse is observed, the relative pulse height was 
0.00183 ± 0.00007 and duration 5.03 ± 0.52 ms. The signal for the dual RPS sensor 
shows that two pulses were observed. Analyses of the first pulse shows that the 
relative pulse height was 0.0017 ± 0.00005 and duration 2.06 ± 0.36 ms. The second 
pulse was 0.0016 ± 0.00005 nA and duration 2.4 ± 0.36 ms with an average distance 
between the two pulses as 2.8 ± 0.91 ms.  
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Figure 6 a) Microscope image of the one pore device which serves as a control, b) microscope 
image of the two-pore device as can be seen the pores are separated by a 100-micron gap, 
c) Pulse shape from the single constriction device d) Pulse shape from the two-constriction 
device, other examples are given in figure S6. 
 
In RPS experiments the number of pulses per unit time can be used to determine the 
concentration of particles in solution. To use our devices for concentration analysis we 
wished to ascertain the variance of flow rates between different devices manufactured 
with the same dimensions, and the same device resealed on different occasions. We 
carried out a simple experiment of keeping the concentration of calibration particle 
constant and varying the flow rate. Figure s7 shows the relationship between flow rate 
and pulse frequency for multiple devices, and replicate runs on the same device 
sealed on multiple occasions. Similar to that observed in figure 4 c, a linear relationship 
between applied pressure and pulse frequency was recorded. The trend was observed 
across multiple devices and data showing the reproducibility of the particle rates for 
channels where l varies from 500 to 100 μm are shown in figure s7.  
Despite the irregular pulse shape from device to device, once sealed and operating 
the pulse shape remains consistent. The magnitude of the pulse is related to the 
volume of the particle traversing the sensing region. RPS devices have been used to 
determine the size, shape and zeta potential of samples.26,54,55 Where the pore 
dimensions are unknown calibration beads of a known size can be used, and as the 
pulse magnitude scales linearly with particle volume, a single point calibration allows 
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the analysis of samples. Figure 7a shows how once calibrated the particle-by-particles 
analysis of the RPS sensor allows the simultaneous detection of 20 and 30 µm 
particles. As mentioned above the number of pulses per unit time can also be used to 
determine the concentration of the particles. Figure 7b shows a practical application 
of the relationship between pulse frequency and concentration. If the flow rate remains 
constant the pulse frequency is directly related to the particle concentration. By 
increasing the flow rate as illustrated in figure 4c, the number of events observed 
increases. Thus, the limits of detection can be improved by increasing the flow rate.  
 
Figure 7 Data obtained using chip of Ds and l are 100 and 500 µm respectively a) Histogram 
of particle size versus concentration. b) Pulse frequency (rate) versus concentration, 
Conclusions 
We have successfully fabricated a resistive pulse sensor using additive manufacturing. 
The dimensions of the device are easily controlled, and the process allows for the 
channel dimension and length to the tailored. The devices are low cost and capable 
of being coupled directly into a flow device for the characterisation of material. Particle 
size, and concentration is monitored, and by controlled the flow rate concentrations as 
low as 1 × 10-3 particles/ mL can be detected. The pulse shape was shown to be 
characteristic of the channel dimensions, and in future studies the analysis of the pulse 
may allow the channel shape, size and defects to be monitored without the need for 
microscopy. 
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